A number of severe flooding events have occurred both in South Africa and internationally in recent years. Furthermore, changes in both the intensity and frequency of extreme rainfall events have been documented, both locally and internationally, associated with climate change. The recent loss of life, destruction of infrastructure, and associated economic losses caused by flooding, compounded by the probability of increased rainfall variability in the future, highlight that design flood estimation (DFE) techniques within South Africa are outdated and in need of revision. A National Flood Studies Programme (NFSP) has recently been initiated to overhaul DFE procedures in South Africa. One of the recommendations in the NFSP is the further development of a continuous simulation modelling (CSM) system for DFE in South Africa. The focus of this paper is a review of CSM techniques for DFE, to guide further development for application in South Africa. An introduction to DFE, and particularly the CSM approach, is presented, followed by a brief overview of DFE techniques used in South Africa, leading into a more detailed summary of CSM for DFE within South Africa to date. This is followed by a review of the development and application of CSM methods for DFE internationally, with a focus on the United Kingdom and Australia, where methods have been developed with the intention of national scale implementation. It is important to highlight that there is a plethora of CSM methods available internationally and this review is not exhaustive; it focuses on and identifies some of the strengths and weaknesses of several popular methods, particularly those intended for national scale application, as the intended outcome from this review is to identify a path towards the development of a usable national scale CSM system for DFE in South Africa. Emphasis on a usable method is important, considering the reality that, despite promising results, numerous benefits, and national scale methods being developed, it appears that the CSM method for DFE is rarely used in practice.
INTRODUCTION
The assessment of flood risk by associating a flood event with a probability of exceedance or return period is the standard approach to design flood estimation (DFE) in most countries (Smithers, 2012; Kang et al., 2013) . This is essential to the planning, prevention and control of the damaging effects of flooding to hydraulic infrastructure such as dams, bridges and culverts, and to development sites situated within the floodplain (Lamb et al., 2016) .
DFE techniques for most countries can be categorised into two broad groups, which generally include: (i) approaches based on the statistical analysis of observed peak discharges, and (ii) rainfall-runoff simulation based on either event modelling or continuous simulation modelling (CSM) (Smithers, 2012) . The approaches to DFE in South Africa are outdated and are in need of revision (Alexander, 2002; Görgens, 2007; Smithers, 2012; Van Vuuren et al., 2013) . Consequently a National Flood Studies Programme (NFSP), aimed at updating and modernising the various approaches to DFE used in South Africa, has recently been proposed and initiated (Smithers et al., 2016) .
). According to Smithers et al. (2016) , the majority of the catchments (55%) for which design floods are required in South Africa are relatively small (< 15 km 2 ). Therefore, based on the advantages of the CSM approach, as alluded to above, and as reviewed in detail throughout this paper, the benefit of developing a CSM methodology for DFE in small catchments, applicable at a national scale in South Africa, is highlighted. In addition, comparison of this method to alternative event-based, empirical and statistical methods may then be performed.
In this paper, the use of CSM for DFE is critically reviewed, both within South Africa and internationally. The objective of the review is to: (i) outline the general framework and options available when implementing a CSM approach for DFE, (ii) summarise the developments towards a CSM approach to DFE in South Africa, and (iii) identify approaches from the international literature which could be used in the further development of a CSM approach for South Africa. The international review is focused on two countries, namely, the United Kingdom and Australia. These countries are at the forefront in terms of flood research internationally, with both countries recently revising the techniques and methodologies applied to estimate design floods at a national scale. The literature review is followed by a discussion of the review relevant to further development of a CSM system for DFE in South Africa.
GENERALISED FRAMEWORK FOR CONTINUOUS SIMULATION MODELLING
This section will briefly describe the general framework towards implementation of a CSM approach to DFE, including the various steps, options and associated models that may be incorporated into the approach. In general, a CSM approach requires time-series inputs of climate data such as rainfall and evapotranspiration. At a bare minimum, however, rainfall data is essential for all CS models, and the quality of the data is of upmost importance as the rainfall is the main driver of runoff production. Depending on the CS model selected, these inputs may be required at various time-steps from daily or hourly, to sub-hourly. In general, the finer the resolution of the time-step the sparser the availability of data. In terms of rainfall data, daily rainfall values are more readily available and are of longer record length Grimaldi et al., 2012) .
In the simplest case, observed rainfall records of suitable length, if available, may be used directly as input to a CS model to obtain an output of simulated flow time-series. In many cases, however, long records of rainfall within a region may not be available or the records are relatively short. This is a particularly large problem when estimating design floods, where long records are needed to obtain more reliable and accurate estimates of flood quantiles at the higher return periods.
For this reason stochastic rainfall generators are commonly used with CS models, as well as many other rainfall-runoff simulation-based approaches, to generate or extended rainfall records (e.g. Beven, 1987; Smithers et al., 2000; Clothier and Pegram, 2002; Frezghi, 2005; Sivapalan et al., 2005; Rogger et al., 2012; Sharma et al., 2016; Arnaud et al., 2017; Odry and Arnaud, 2017) . Similarly, rainfall disaggregation models, or simple disaggregation techniques, are also commonly applied to generate short duration data from longer time-steps, e.g., daily to hourly (Calver et al., 2005; Knoesen, 2005; Knoesen and Smithers, 2009; Grimaldi et al., 2012; Haberlandt and Radtke, 2014; Nathan and Ling, 2016) . Therefore, a plethora of rainfall generation as well as disaggregation models has been developed and implemented with CSM approaches internationally, with limited experimentation in South Africa as reviewed in the next section. An exhaustive review on these methods is not provided in this paper, since the focus is on the CS rainfall-runoff models themselves, based on the following reasoning. It is believed that developing a robust CS model that can be validated using actual observed rainfall and runoff data is a critical first step and, once validated, further system development such as rainfall generators or disaggregation techniques should be considered, since they provide significant benefit in terms of extending rainfall record lengths and plausible sequences of events not evident in the observed record. Furthermore, it should be noted that an additional source of uncertainty is introduced when incorporating these stochastic and disaggregation rainfall models. The significant value and potential of these techniques, 693 however, is acknowledged, and further implementation and development of these approaches is recommended, and should likely be included in all simulation-based approaches in South Africa in the future. This may become more critical if the trend of diminishing hydrological data networks, as identified by Wessels and Rooseboom (2009) and Pitman (2011) and which is persisting in South Africa, continues. It should be noted, however, that a national database with 50 years of rainfall, temperature, Apan evaporation and other climate variables is available in South Africa, and has been used extensively with the ACRU model for various water resource management applications , including DFE as reviewed in the following section. Ideally, the availability of a database of observed rainfall, estimated evaporation and observed runoff is required for CS model development and verification as this enables the CS model to be used with confidence in stochastic simulations. Thereafter the use of stochastic rainfall models provides additional benefits, including: (i) extending the length of rainfall records and uncertainty estimation with an ensemble or Monte-Carlo type approach (Weinmann et al., 2002; Nathan and Weinmann, 2013; Nathan and Ling, 2016) , i.e., generating thousands of rainfall time-series to simulate thousands of runoff time-series to obtain a range of possible simulations, and (ii) accounting for the effects of climate change by incorporating these scenarios into the models (Lamb et al., 2016; Vogel, 2017) .
Another important component of both stochastic rainfall models and CS rainfall-runoff models is parameter calibration. In most cases model parameters are calibrated against observed data, i.e., parameters are optimised until the best fit between the simulated and observed data is obtained, which is assessed using an objective function such as the root mean squared error (RMSE) or the Nash-Sutcliffe efficiency (NSE) (Blöschl et al., 2013) . A regionalisation approach is required to estimate the model parameters at ungauged locations. Several regionalisation techniques are available such as spatial proximity and similarity pooling, a region-of-influence type approach, regression-based methods or cluster analysis (Smithers, 2012; Blöschl et al., 2013; COST, 2013; Odry and Arnaud, 2017) . In the case of the ACRU model in South Africa direct calibration of model parameters is not performed (Schulze, 1995) . Model parameters are linked to physical catchment characteristics, and observed data is only used to verify the model simulations. Consequently, the need for direct regionalisation of parameters is not necessary, although parameters may be derived from catchment characteristics which do vary regionally, therefore regionalisation approaches are not a focus of this paper. The advantage of the physicalconceptual nature of the ACRU model, with parameter values generally linked to catchment characteristics, is that the structure of the model and process representations are based on an increased knowledge and understanding of hydrological processes and their interactions at various scales (Schulze, 1995) . Hrachowitz et al. (2013) believe that this is essential to improve predictions in ungauged basins, and Lamb et al. (2016) highlights this as one of the greatest advantages of the CSM approach.
When using a CSM approach for DFE, a standard flood frequency analysis (FFA) is performed by fitting a suitable probability distribution to the annual maximum series (AMS) or a peak over thresholds (POT) series extracted from the simulated flows (Ball, 2013; Ling et al., 2015) . Alternatively, a direct frequency analysis on all flows may be performed (Lamb et al., 2016) . The FFA can be performed to estimate both flood volume and peak discharge quantiles. In most cases these estimates are required as input to a hydraulic model, or a flood routing model, for floodplain delineation or the design and management of hydraulic structures and systems (Lamb et al., 2016) . Hydraulic modelling is then performed to determine the inundation levels of the flood based on flood peak, volume and full flood hydrographs (Lamb et al., 2016) . The advantage of a CSM approach is that a coherent set of all three components is simulated by the model (Lamb et al., 2016) . Odry and Arnaud (2017) highlight that statistical FFA methods often estimate flood volumes and peak discharges independently, and therefore the joint association between peaks and volumes is not maintained. In addition, other event-based methods such as the rational method only estimate peak discharges (Smithers, 2012) . In summary, hydrological outputs from any FFA method are often used as direct inputs to hydraulic models such as HEC-RAS, e.g., as used extensively by the South African National Roads Agency Limited (SANRAL, 2013) . Hydraulic modelling of floods is not reviewed in great detail in this paper since the focus is on the CS models applied; however, a final significant benefit of the CSM approach that is worth highlighting is that complete time-series, or at least the largest events above a threshold may be input, or directly linked to, a hydraulic model, e.g., to simulate multiple inundation levels that are directly associated with the individual events simulated by the CS model, and a FFA may then be performed on the flood levels simulated by the hydraulic model. Ultimately the DFE method selected is dependent on the type of problem or project under investigation, as well as practical constraints such as budget and time. The CSM approach, however, is one of the most comprehensive methods available.
DESIGN FLOOD ESTIMATION IN SOUTH AFRICA
A number of approaches to design flood estimation have been developed for application in South Africa. This section provides a brief overview of the approaches and then focuses on the use of continuous simulation modelling. Smithers (2012) and Smithers et al. (2013) categorise DFE techniques used in South Africa into two groups: (i) the analysis of observed flow data, and (ii) rainfall-runoff based methods, as shown in Figure 1 . Detailed reviews of the various methods for DFE in South Africa are provided in, inter alia, Smithers (2012) , SANRAL (2013) and Rowe (2015) . Many of the methods, however, are outdated and consequently a NFSP, aimed at modernising and updating the various approaches to DFE within South Africa, has been initiated (Smithers et al., 2016) . The focus of this study is on the rainfall-runoff CSM approach, one of the methods recommended for development in the NFSP. Consequently, the next section contains a review of the developments towards a CSM approach for DFE in South Africa.
Overview of approaches

Continuous simulation modelling and associated developments
In South Africa reasonable results have been obtained from the successful application of the CSM approach for DFE in a number of pilot studies (Smithers et al., 1997; Smithers et al., 2001; Chetty and Smithers, 2005; Smithers et al., 2007; Smithers et al., 2013) . The CS model used in all these studies was the physically-based, conceptual, daily time-step ACRU 694 agrohydrological model (Schulze, 1995) . The model, developed at the University of KwaZulu-Natal (formerly the University of Natal) in South Africa, has been extensively verified and accepted for a range of practical water resource management applications, including experimentation as a tool for DFE in several pilot studies, as alluded to above (Schmidt and Schulze, 1987; Schulze et al., 2004; SANRAL, 2013) . A brief description and summary of the investigations performed in some of these pilot studies is presented below. However, for further details of the investigations and results refer to Smithers et al. (2001) ; Smithers et al. (2007) ; Smithers et al. (2013) and Rowe (2015) . Smithers et al. (2001) performed a range of assessments on the extreme rainfall and flooding experienced over the north-eastern parts of South Africa, Mozambique and Zimbabwe during the February 2000 floods caused by tropical depressions and cyclone activity, using the Sabie River catchment upstream of the South Africa/Mozambique border as a case study (6 260 km 2 ). The ACRU CS model was used to validate the peak discharge estimates derived from surveyed flood lines and hydraulic calculations (Van Bladeren and Van der Spuy, 2000) , i.e., since the exceptional flooding resulted in the failure and destruction of several gauging stations (Van Biljon, 2000) and therefore no observed flow data was available at many gauging stations. Furthermore, the primary runoff data for many of the gauges in the catchment were found to be unreliable due to flows regularly exceeding the rating capabilities of these structures, and consequently the ACRU model was used to simulate runoff and peak discharges over these periods (Smithers et al., 2001 ). The importance of using a CSM approach in this case lies in the ability of the method to explicitly represent antecedent soil moisture conditions during the build-up to the events that produced the highest peaks, where it was highlighted that antecedent conditions played an important role in the severity of the events. In addition, the ability to model the catchment in distributed mode and consequently account for the nonuniformity of rainfall was necessary, i.e., since the rainfall and hence flooding, was spatially considerably variable within the catchment. The modelling in distributed mode also required flood routing, all of which the CSM approach could provide (Smithers et al., 2001) . The ACRU simulations for the February 2000 events were in close agreement with the hydraulically derived estimates of Van Bladeren and Van der Spuy (2000) , i.e., where observed estimates were not available. Comparison of the observed and simulated flood frequency curves (FFCs) for gauges that had adequate observed data highlighted that the simulated results closely mimicked the observed data, particularly for the higher return period events. In addition the spatial variability of the rainfall and flooding, in terms of magnitude and their associated return period at different points in the catchment, for the February 2000 events could be adequately represented and mapped using the ACRU simulated results (Smithers et al., 2001) . Smithers et al. (2007) and a summary paper by Smithers et al. (2013) , present the results of several research projects that have contributed to the development and application of the ACRU modelling system for DFE. These refinements and developments to the ACRU modelling system were incorporated into the ACRU model by Smithers et al. (2007) and the methodology assessed using the Thukela Catchment (29 036 km 2 ) in South Africa as a case study. The results highlighted the difficulty associated with applying the model to an operational catchment, i.e., where land cover changes and water abstractions occur and are not documented. Verification was further complicated by errors in observed data, sparse rain-gauge networks and problems with rating tables (Smithers et al., 2013) . In summary, the results indicate that disaggregating catchments into smaller homogeneous subcatchments or hydrological response units (HRUs) is required and that area-weighted soils and land cover information, rather than lumped information, produced more realistic results. The benefit of using a representative driver rainfall station for each subcatchment, as opposed to a single driver rainfall station for the whole catchment, was also evident. The importance of extended historical rainfall records and accurate land cover information was also identified.
Frezghi (2005) assessed the stochastic, fine-resolution space-time String-of-Beads Model (SBM) developed by Clothier and Pegram (2002) to simulate long series of rainfall over a catchment. This was done in order to more reliably estimate (2005) concluded that the SBM may be used in rainfall-runoff modelling, including continuous simulation models, at detailed spatial and temporal scales, provided the SBM is appropriately calibrated (Smithers et al., 2013) . At this point, it is important to mention that additional experimentation with different stochastic rainfall models in South Africa has been performed (e.g. Zucchini et al., 1992; Smithers and Schulze, 2000; Smithers et al., 2000; Smithers et al., 2002) . Smithers and Schulze (2000) , for example, assessed the performance of two variations of the Bartlett-Lewis rectangular pulse type of intra-daily stochastic models to estimate short-duration design rainfall in South Africa, and found the methods performed reasonably well when calibrated to both short duration data and daily data.
In addition to the stochastic model assessed by Frezghi (2005), a method to disaggregate daily rainfall into hourly totals in South Africa was developed and evaluated, in order to improve the shape of simulated hydrographs and the estimation of peak discharge. This was achieved using a regionalised semi-stochastic daily rainfall disaggregation model developed by Knoesen (2005) . The model performed reasonably well with some suggestions to further refine certain aspects of the model (Smithers et al., 2013) .
Further research on the temporal distribution of rainfall, methods to stochastically generate rainfall over a catchment, improvement to the estimation of catchment response times, and further development of flood routing methods for application in ungauged river reaches was also suggested. Ultimately, however, the results of Smithers et al. (2007) , and summary of the results by Smithers et al. (2013) , highlight the potential of the ACRU CS model to reproduce reliable and consistent estimates of design floods. Although promising results have been obtained, no CSM methodology has been developed to be applicable at a national scale, such as is available for the event-based SCS-SA model. Consequently, Rowe (2015) initiated preliminary investigations towards the development of a national scale CSM methodology for DFE within South Africa using the ACRU model. Rowe (2015) highlighted that the ACRU model uses the same SCS (1956) runoff equation as the SCS-SA event-based model (Schmidt and Schulze, 1987 ) to estimate stormflow. There are, however, significant differences in model structure and how the parameters of the runoff equation are estimated, particularly the potential maximum soil water retention, or the soil water deficit (S). In the SCS-SA model S is estimated using a single parameter, the catchment curve number (CN), which accounts for soil properties, land cover, land management, hydrological condition and antecedent soil moisture content. Initial CNs may be adjusted to account for the antecedent soil moisture conditions. The median condition and joint association methods (Schmidt and Schulze, 1987) , which used the ACRU soil moisture budgeting routines to estimate the antecedent conditions for a 30-day period prior to large rainfall events, were a major improvement to the original moisture adjustment procedure introduced into the original SCS (1956) model. Therefore, the ACRU CSM approach has significant potential in improving the estimation of losses in event-based methods such as the SCS-SA model. Consequently, further development of the ACRU CSM approach provides the opportunity to update and possibly revise the SCS-SA soil moisture adjustment techniques.
Rowe (2015) also noted that there is value in the CN in terms of accounting for the strong effects of soil and land cover properties on runoff generation. In addition, it was identified that the SCS-SA land cover classification accounts for different land management practices and hydrological conditions, which are not explicitly accounted for in the current ACRU land cover classifications. Consequently, Rowe (2015) undertook a study to determine how to represent land cover classes, as represented within the SCS-SA classification , within the ACRU model. This was achieved by using the design runoff volumes simulated by the SCS-SA model as a surrogate for observed data. The differences in design runoff volumes simulated by the SCS-SA model were used as a reference to simulate similar design runoff volumes and changes in design runoff volumes with the ACRU model, applying the following steps: (i) Attempts were initially made to achieve equivalence of soil representations between the SCS-SA and ACRU models, i.e., how to represent SCS-SA soil groups A-D in ACRU. Three attempts were made using soil textural properties to represent SCS-SA soil groups; however, it was found that SCS-SA soil groups could not be represented in the ACRU model by soil textural properties alone. (ii) Consequently, a sensitivity analysis of several ACRU parameters was conducted in order to identify which ACRU parameters to use to represent SCS-SA soils and CNs best, for selected land cover classes. (iii) Two ACRU parameters namely, QFRESP, a quick flow response coefficient which partitions stormflow into a same-day response fraction and a subsequent delayed stormflow response, and SMDDEP, which determines the critical hydrological response depth of the soil, were identified as sensitive parameters suitable to represent SCS-SA soils and land cover classes. (iv) Through manual calibration QFRESP and SMDDEP values corresponding to a SCS-SA soil group and land cover class were identified to represent that land cover class in ACRU, i.e., by adjusting the QFRESP and SMDDEP parameters in the ACRU model until similar runoff volumes to those simulated by the SCS-SA model were obtained for a similar land cover in ACRU. A strong relationship between these ACRU parameters and CN values for selected SCS-SA soil groups and land cover classes was found and consequently preliminarily rules and equations were developed to represent SCS-SA land cover classes in ACRU (Table 8. 1: Rowe, 2015) .
The following recommendations were made to further validate and verify the approach and to further the development of a CSM system for DFE in South Africa (Rowe, 2015) : (i) The rules and equations derived from the experimentation with 3 land cover classes (veld/grassland, row crop/maize, small grain/wheat) were tested on a single land cover class, sugarcane. Therefore, only 4 land cover classes within the SCS-SA classification, out of a total of 9, were investigated. Consequently, the rules and equations derived in the study were identified as preliminary best estimates, with further investigation and validation of the approach being required including:
• The analysis of additional land cover classes • Further independent verification at different geographical locations • Verification of the simulated results against observed data, in terms of both runoff volumes and peak discharges (ii) Land cover information, based on the Acocks (1988) natural land cover map, needs to be updated with current actual land cover information. (iii) The development of a CSM system or methodology is needed, i.e., how the system will be compiled or packaged for use at a national scale within South Africa. Verification of the simulated results in terms of peak discharges, i.e., in addition to runoff volumes, is important as flood peaks are typically required for the design of hydraulic infrastructure. Due to the large variability in the runoff response of catchments to storm rainfall, peak discharge estimation, particularly in ungauged catchments, continues to be a challenge in the field of hydrology both within South Africa and internationally (Gericke and Smithers, 2014) . Catchment response time parameters, which impact directly on the hydrograph shape and peak discharge, are generally required as a primary input to most rainfall-runoff methods, including the CSM approach. The most frequently used catchment response time parameters are the time of concentration (T C ), time lag (T L ) and time to peak (T P ) (Gericke and Smithers, 2014) .
From a review of methods used both locally in South Africa and internationally to estimate catchment response time parameters, Gericke and Smithers (2014) identified inconsistencies between the methods, i.e., when compared to the recommended methods for South Africa, which were also shown to be used outside of the boundaries (location and catchment area) used to develop the methods. Identifying the need for an alternative, improved and consistent approach to estimate catchment response time, Gericke and Smithers (2016); Gericke and Smithers (2017); and Gericke and Smithers (2018) developed regionalised empirical equations to estimate catchment response times, expressed as the time to peak discharge (TP). The new empirically derived time parameter equations were tested on 4 climatologically different regions within South Africa and the results indicate that the method provides improved peak discharge estimates at ungauged catchments within these specific regions. Further development of the method to extend applicability to a national scale is recommended (Gericke and Smithers, 2016; Gericke and Smithers, 2018) . Gericke and Smithers (2016) recommended that the improved methodology be included in both eventbased and CSM DFE methods in South Africa in order to obtain improved peak discharge estimates. Therefore, the inclusion of the new methodology for estimating catchment response time needs to be incorporated in the development of a CSM approach to DFE in South Africa.
The above brief review indicates that some progress has been made towards a CSM approach for DFE in South Africa. However, it is evident that there is still much work to be done to develop a comprehensive CSM methodology for DFE applicable at a national scale. The following sections review CSM developments from the international literature.
DESIGN FLOOD ESTIMATION IN THE UNITED KINGDOM
The Flood Studies Report (FSR) published by the Natural Environment Research Council (NERC, 1975) is the original guideline for flood estimation within the United Kingdom. This guideline was succeeded by the Flood Estimation Handbook (FEH) published by the Institute of Hydrology (1999). The FEH and its subsequent updates are extensively utilised to estimate design floods within the United Kingdom. Several statistical methods are available based on the analysis of observed streamflow data, using both at-site and regional approaches (Kjeldsen, 2015) . In addition to the statistical approaches to DFE, an event-based FSR rainfall-runoff method (NERC, 1975) and subsequent updates, termed the FSR/FEH rainfallrunoff method, is included in the FEH, and is widely applied to generate hydrographs and peak flows (Kjeldsen, 2007; WHS, 2016) . The FSR/FEH Revitalized Flood Hydrograph -ReFH (and updated ReFH2) rainfall-runoff model is made-up of: (i) a loss model, based on the uniform Probability Distributed Model (PDM) of Moore (1985) which is used extensively in the United Kingdom for a variety of hydrological applications, (ii) a routing model, using the commonly applied unit hydrograph (UH) concept, and (iii) a baseflow model, based on a linear reservoir concept (Kjeldsen, 2007) . In addition to the widelyused event-based approach, several case studies report on the application of CSM approaches to DFE, as reviewed next, followed by a review of a national CSM method for application in the United Kingdom. Calver and Lamb (1995), Calver (1996) (2006), (ii) the Systeme Hydrologique European (SHE) model (Boughton and Droop, 2003; Devi et al., 2015) , and (iii) the Hydrological Simulation Model (HYSIM) used widely in the UK water industry including the Environment Agency, as well as application in several other countries (WRA, 2018) . A modified version of TOPMODEL within the GLUE framework has also been implemented in the Czech Republic by, inter alia, Blazkova and Beven (2004) and Blazkova and Beven (2009) . Although such models are a significant development towards representing and understanding the various components of catchment hydrology, they are generally too complex and parameter-intensive for national scale application and are consequently restricted to application in small research catchments (Boughton and Droop, 2003) . Calver and Lamb (1995) identified two suitable simpler models, namely the 5-parameter PDM (Moore, 1985) and the 3-parameter Time-Area Topographic Extension (TATE) Model (Calver, 1996) , as applicable models to simulate continuous flow series, from which FFCs may be derived.
Continuous simulation modelling -case studies
Calver and Lamb (1995) assessed the performance of these two simpler models on 10 catchments in the United Kingdom, ranging in size from 1 km 2 to over 400 km 2 with a range of geographical and topographical characteristics. Flood frequencies for both the observed and simulated flows, derived using a partial duration series approach, were also compared and discussed. The results fell within an acceptable range; however, some areas where improvements were needed were identified. It was noted by Calver and Lamb (1995) 
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With regards to data, both Calver and Lamb (1995) and Calver et al. (2004) , acknowledge that obtaining large data samples of suitable accuracy and record length, especially at sub-daily time scales, is challenging even in a relatively datarich country such as Britain. This highlights the importance of observed rainfall and streamflow records and is an observation worth noting with regards to the South African context where, as already mentioned, the number of observed rainfall and flow gauging stations is on the decline (Wessels and Rooseboom, 2009; Pitman, 2011) Following the investigation of Calver and Lamb (1995), Calver et al. (1999) continued to experiment with the CSM approach to DFE and produced a 'pilot' flood frequency system for Britain using 35 catchments. The research around the CSM approach to DFE culminated in the development of a national CSM river catchment flood frequency method for the United Kingdom (Calver et al., 2005) , as reviewed in the next section.
Continuous simulation modelling -national approach
Calver et al. (2005) report on the development of a national river catchment flood frequency method using CS, where 119 datarich catchments were used to extend the method developed by Calver and Lamb (1995), Calver et al. (1999) and Calver et al. (2001) , to include full spatial coverage across Britain. The two models selected remained the TATE and PDM models, which had a proven track record of suitable performance.
At the onset, Calver et al. (2004) and Calver et al. (2005) highlight the advantage of working with data records of smaller time steps, to preserve the definition of flood peaks, where even a simple uniform disaggregation of daily rainfall into hourly totals provided superior results compared to direct use of the daily data. In addition, the benefit of extended records is also emphasised, i.e., to extend the estimation of floods to higher return periods. In terms of model calibration, a twopass sequential method of automatic calibration was adopted. Quantitatively, for all 119 sites investigated the mean absolute percentage errors between simulated and observed FFCs, for return periods from 1 to 20 years, ranged from 5-11% for the TATE model, and 4-9% for the PDM model. Calver et al. (2005) noted that there was no obvious advantage of one model over the other. Furthermore, there was no obvious dependence of calibration performance on catchment properties; however, relationships between calibrated parameter values and catchment properties were identified. This demonstrated the potential for spatial generalisation of parameter values, required to estimate flood frequencies for all catchments in Great Britain, which includes a large proportion of ungauged catchments.
Calver et al. (2005) investigated and compared 3 different spatial generalisation techniques and noted that for each model the best-performing method provided mean percentage errors 2 to 3 times greater than those obtained from the calibration procedure. Calver et al. (2005) accounted for 2 sources of uncertainty related to: (i) the spatial generalisation procedure, and (ii) the calibration procedure. The uncertainty measures were used by Calver et al. (2005) to determine uncertainty bounds around each of the generalised FFCs for each catchment, i.e., treating them as ungauged. The uncertainty bounds were calculated for the 90, 95 and 99% confidence intervals to better illustrate the asymmetry and spread of the bounds. Quantitatively, the average 50-year return period range of possible flood peak values, at the 99% confidence interval, ranged from between 1.75 to 2.17 times greater than the generalised estimate for both models at the upper bound and between 2.26 to 3.27 times greater for the lower bound. Therefore, there is considerable uncertainty around the generalised flood peak estimates. Calver et al. (2005) also noted that the uncertainties associated with data and model structure, which were not investigated in the study, may also be estimated, and are additional sources of uncertainty to consider.
National CSM system versus FEH methods and recommendations
Calver et al. (2005) compared the performance of the CSM approach to the FEH event-based methods, i.e., the ReFH rainfall-runoff model and the statistical method, i.e., using at-site data or a regional approach. The comparison is purely qualitative and included some of the following (Calver et al., 2005) :
The FEH and former FSR methods are generally preferentially applied compared to the CSM approach because they are relatively easier to apply, are well established and well defined, and practitioners are familiar with the approaches and understand how to use them. Furthermore, the methods are less data intensive. (ii) Therefore, the aim of the study was to develop a comprehensive method and the required software, i.e., including data requirements, within a user-friendly interface, to allow users to obtain results promptly while still providing results with high accuracy, the intent being to facilitate and promote adoption of the CSM approach in practice. (iii) The CSM approach is superior due to the continuous accounting of antecedent soil moisture, and the consequent joint probability analysis between rainfall and antecedent conditions. (iv) The CSM approach is applicable to a larger range of catchment sizes, provided a distributed model setup is implemented. (v) Furthermore, with respect to return period, it was highlighted that the CSM approach is generally restricted to estimates of lower return periods due to data availability; however, it is noted that this may be extended using stochastic data generation techniques. (vi) Lastly, in terms of stationarity, the FEH methods assume a stationary climate and catchment conditions. The CSM approach, although calibrated against observed data with the assumption of stationarity, can simulate changes in climate or catchment conditions through the alteration of model parameters and inputs. In general, recommendations included further testing and validation of the approach and methods developed. Possible variations to the methods need to be developed based on assessment and feedback from testing of the approach. In addition, quantitative comparison of the approach to the FEH methods is emphasised. Packaging of the approach into software and dissemination and adoption of the approach in practice is necessary. Detailed research on stochastically generated time-series is recommended, with strong emphasis on uncertainty estimates and the accuracy of the methods tested or investigated. In summary, Calver et al. (2004) and Calver et al. (2005) suggest that considerable effort is still needed to establish a national CSM method for flood frequency analysis (FFA) at ungauged catchments in the United Kingdom. The potential of the approach, however, is emphasised, and Calver et al. (2004) noted that addressing these challenges and improving the CSM approach is at the forefront of modelling research.
Since the publication of the national CS flood frequency method for the United Kingdom by Calver et al. (2005) (2005) to quantitatively compare the CSM approach to the event-based FEH procedures. 107 catchments in Great Britain, ranging from 10-1 200 km 2 , were considered in the study. In general, the CSM approach (Calver et al., 2005) outperformed the FEH event-based procedures. For example, the 50-year return period mean and standard deviation of the absolute percentage error between observed and simulated flood peaks were 29% and 36%, respectively, for the CSM approach, and 39.8% and 43.6%, respectively, for the FEH event-based procedures.
More recently, Lamb et al. (2016), provides 4 examples of practical situations where a CSM approach was required, due to the inability of the standard FEH methods to adequately address the problems. The benefits of using a CSM approach, many of which are identified above, included the physical nature of the model and increased understanding of hydrological processes used to constrain model parameter uncertainty, explicit representation of antecedent conditions and spatial variations in terms of rainfall and runoff, accounting for climate change and land use change scenarios, explicitly representing flood management operational systems within a CSM, and the ability of the method to provide coherent multivariate flood characteristics. In conclusion, Lamb et al. (2016) highlights that despite the benefits of the approach and the considerable effort placed on developing national procedures, as reviewed above, a comprehensive national scale CSM approach was never developed, i.e., with standardised datasets and the tools required to easily implement the method. Furthermore, no significant effort was made to promote the uptake of the method in practice, which explains why the method remains as a specialist tool to be used only in complex scenarios. Therefore, the critical objective described in Point (ii) above was never achieved.
DESIGN FLOOD ESTIMATION IN AUSTRALIA
Australian Rainfall and Runoff (ARR) is the national guideline for DFE in Australia . The first edition of ARR was published in 1958 and has remained one of the most influential and widely used guidelines published by Engineers Australia (Ling et al., 2015) . ARR was updated in 1977 ARR was updated in and again in 1987 ARR was updated in /1999 , where the 1999 edition is a reprint of the 1987 edition in book form, with only the chapter on the estimation of extreme to large flood events being updated in the 1999 edition. The 1999 edition is often referenced as the 2001 edition, which is simply a reprint of the 1999 edition . The relatively outdated 1987/1999 edition is currently being revised and updated through 21 research projects to improve on the methodologies used to obtain reliable design flood estimates in Australia . One of the research projects includes the use of CSM for design flow determination (Project 8), which is reviewed below. The following section, however, contains a review of the primary CSM system for DFE applied practically in Australia (Boughton and Droop, 2003; Ling et al., 2015; , the continuous simulation system (CSS) for DFE.
Continuous simulation system approach
The CSS for DFE was originally developed by the Cooperative Research Centre for Catchment Hydrology (CRCCH) at Monash University, Melbourne, Australia. A review of CSM for DFE both within Australia and internationally by Boughton and Droop (2003) is a concise and valuable account of the CS models and methods developed and implemented up to 2003. In addition, Droop (2001) reviewed 12 distributed input CS models and 23 event-based models used for DFE. Consequently, only a brief summary of the reviews done by Boughton and Droop (2003) and Droop (2001) is presented and the focus is on more recent developments. Boughton et al. (1999) describe the CSS and Boughton et al. (2000) tested the CSS on a number of catchments of medium to small sizes in Victoria, Australia, with further experimentation undertaken by Droop and Boughton (2002) , who tested a different flood hydrograph model. The components of the CSS include a stochastic rainfall generator, the simple lumped Australian Water Balance Model (AWBM) and a hydrograph model (Ling et al., 2015) . Ling et al. (2015) and Nathan and Ling (2016) summarise the approach and results obtained by Boughton et al. (2000) and Droop and Boughton (2002) . Ultimately, design values up to the 2 000-year return period were estimated and the FFC derived from the method are similar to the observed FFC for the more frequent floods, i.e., up to the 20-year return period (Ling et al., 2015) . The CSS was also applied in a large 13 000 km 2 , semi-arid catchment in Western Australia by Newton and Walton (2000) . Further details on CSM approaches to DFE in Australia are reported by, inter alia, Boughton and Droop (2003) revision paper is to investigate and compare the performance of traditional design event (DE) based, Monte Carlo, and CSM approaches to DFE under a range of conditions. For the CSM component of the study, 3 separate simple water balance models, widely tested in Australian conditions, were evaluated on 4 diverse catchments located in various regions across Australia, with an additional catchment added at a later stage. The 5 catchments selected to evaluate the performance of the CSM approaches were a subset of a total of 10 catchments selected to evaluate the performance of the Monte Carlo and DE based approaches (Ling et al., 2015) .
The three simple CS rainfall-runoff models used were: (i) the AWBM, as used in the CSS, (ii) the SIMHYD model as detailed by Chiew et al. (2002) , and (iii) the GR4H model as detailed by Mathevet (2005); Van Esse et al. (2013) and Bennett et al. (2014) . For further details on the models refer to Ling et al. (2015) . Stochastic rainfall generation was not used in the study by Ling et al. (2015) since observed input data, i.e., rainfall and potential evapotranspiration, required to simulate stream flow in each of the three models, were available for the same length of available observed flow records for each catchment selected. Furthermore, the objective of the study was to test the ability of the models to reproduce the hydrograph behaviour and the FFC of the observed data and consequently there was no need to stochastically extend the rainfall record. Each of the three models were calibrated to the observed flow data and four different calibration scenarios were investigated, including: 
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(i) calibration to all data, (ii) calibration to a subset of the data, (iii) calibration to flows above a threshold, and (iv) calibration to the observed FFC. A global optimisation algorithm called the Shuffled Complex Evolution (SCE) was used to calibrate the parameters of each of the three models (Ling et al., 2015) . In general, the GR4H model provided the best results.
In summary, Ling et al. (2015) state that a reasonably good representation of hydrograph behaviour, in conjunction with flood quantiles, was only obtained for one out of the five catchments investigated. Therefore, the study highlighted the inability of the CS models used to reproduce both flood hydrographs and flood quantiles consistently across catchments with varying characteristics. It was noted, however, that reasonable results may be obtained given good quality data and adequate model structure (Ling et al., 2015) . The findings suggest that CSM models should be calibrated and or configured in different ways for different assessments, e.g., if a practitioner is mainly interested in the estimation of accurate flood quantiles the calibration results from the above scenario (Scenario iv) should be utilised. If, however, the practitioner is mainly interested in hydrograph behaviour then Scenario (i) should be used. This situation, however, needs to be approached with caution as erroneous results may be obtained when attempting to force a fit. Ultimately, the goal should be to develop models or methodologies that are able to adequately reproduce all aspects of the observed flow data. Therefore, as suggested by Martinez and Gupta (2010) and Ling et al. (2015) , model performance should be diagnosed in detail and subsequent improvements or refinements to the model should be made.
ADDITIONAL CONTINUOUS SIMULATION METHODS APPLIED INTERNATIONALLY
The following sections briefly review some additional CSM studies and CS models currently being applied in other countries.
The United States
A plethora of CS models have been developed within the United States to date. This section briefly identifies some of the more commonly used CS models applied for DFE in the country. Variations of the Stanford Watershed Model, e.g., the HSPF models, have been used in several studies within the United States for DFE including, inter alia, Soong et al. (2005) Hydrologic Engineering Center -Hydrologic Modelling System (HEC-HMS) is another well-known model, with CSM capabilities, applicable to a wide range of problems for both small urban and natural watersheds. The method has also been used for DFE both in the United States and internationally (Boughton and Droop, 2003; USACE, 2008; Haberlandt and Radtke, 2013; Cu, 2016; USACE, 2016) . The Storm Water Management Model (SWMM) developed by USEPA, similar to HEC-HMS, is a dynamic rainfall-runoff simulation model, with CSM capabilities, used to simulate runoff quantity and quality, however, primarily for urban areas (Rossman, 2015) . SWMM has also been incorporated into urban drainage models developed in other countries, such as the widely used Danish Hydraulic Institute (DHI), MIKE URBAN software (DHI, 2017) . SWMM has also been used for DFE (Ball, 2013; Ahn et al., 2014) France Paquet et al. (2013) describe a probabilistic semi-continuous rainfall-runoff method called Simulation Climato-Hydrologique pourl'Appréciation des Débits EXtrêmes (SCHADEX), developed at Electricité de France (EDF) for the design of dam spillways. Since its development the SCHADEX method has been extensively utilised both within France as well as other European countries, e.g., Norway (Lawrence et al., 2014) , for industrial studies, and applied to catchments ranging in size from only a few square kilometres to thousands of square kilometres (Paquet et al., 2013) . Paquet et al. (2013) explain that the SCHADEX method has replaced the former Gradient of Extreme Values (GRADEX) method as the official method used by EDF to estimate extreme flood discharges for the design of dams. For further details refer to Paquet et al. (2013) . Paquet et al. (2013) state that the scientific evaluation and development of SCHADEX is ongoing and the method is being compared to other contemporary methods in major projects such as the FloodFreq European Cooperation in Science and Technology (COST) Action (COST, 2013) . Several additional CS models are investigated in the FloodFreq European COST Action and a model that is worth mentioning with application to DFE, with considerations of climate change, is the Hydrologiska Byråns Vattenbalansavdelning (HBV) model (Bergström, 1976; Bergström, 1992) , with several studies referring to or reporting on experimentation with the HBV model for DFE including, inter alia, COST (2013); Devi et al. (2015) and Zeng et al. (2016) .
An additional set of CS models utilised and developed in France includes the GR model series, developed under the stewardship of the National Research Institute of Science and Technology for Environment and Agriculture -IRSTEA (Mouelhi et al., 2013) . This includes the GR4H model, as implemented in ARR Revision Project 8, which is an hourly version of the GR4J daily rainfall-runoff model developed by Perrin et al. (2003) with 2 storages and 4 parameters (Van Esse et al., 2013; Bennett et al., 2014) . Although not a CSM approach, another noteworthy event-based simulation approach -SHYREG, developed over several years, also by IRSTEA, has recently been established as a national DFE method in France (Arnaud et al., 2016; Arnaud et al., 2017; Odry and Arnaud, 2017) . Arnaud et al. (2016); Arnaud et al. (2017) and Odry and Arnaud (2017) have compared the SHYREG approach to several other FFA methods applied in the country and highlight several advantages of the approach, including greater stability of the regionalised rainfall-runoff model parameter for different regionalisation methods, in comparison to a regional FFA for example. The method also provides more adequate flood quantiles at higher return periods compared to regionalised statistical approaches including the regional FFA approach: however, it overestimates the lower return period events (Odry and Arnaud, 2017) . The SHYREG approach utilises a stochastic hourly rainfall generator to simulate extended rainfall time-series, on an event basis, at any point in France at a 1 km resolution. The rainfall-runoff model converts this rainfall into a flood quantile at the point, and these point estimates are scaled to the catchment using reduction factors (Odry and Arnaud, 2017 (Brocca et al., 2011) . The model is composed of two components. The first is a soil water balance model that simulates the soil moisture content over time as a function of rainfall, infiltration, evapotranspiration and drainage and the second is a modified SCS-CN eventbased rainfall-runoff model (MISD). Brocca et al. (2011) calibrated and validated the MISDc model on 3 subcatchments within the Upper Tiber River catchment. Using stochastically generated rainfall and temperature data for a period of 5 000 years, Brocca et al. (2011) generated a 5 000-year long flow sequence, from which FFCs were derived. The simulations for each subcatchment were repeated 10 times to account for the uncertainty and variability associated with the stochastically generated rainfall and temperature inputs. The percentage differences between simulated and observed FFCs ranged between 8 and 13% for the three subcatchments investigated, confirming the reliability of the method for the estimation of design flood discharges. Similar results and findings are presented by Camici et al. (2011 ). Brocca et al. (2011 also highlight the high computational efficiency of the simple MISDc model and conjoining stochastic models, which allow for rapid, accurate and easily obtainable peak discharge estimates for high return periods.
Austria
Grimaldi et al. (2012) tested an empirical CS procedure named the Continuous Simulation Model for Small and Ungauged Basins (COSMO4SUB), on the gauged Wattenbach River catchment (71 km 2 ), located in the central eastern Alps, Austria. The method is designed for application to small ungauged catchments, particularly where large-scale regionalised methods are not applicable. The method comprises of a daily rainfall model and disaggregation method to generate synthetic fine-resolution sub-daily rainfall data. Rainfall excess is then estimated using a modified SCS-CN loss model (SCS, 1972) , which continuously accounts for antecedent soil moisture using a rainfall separation interval variable (T s ). An advanced version of the Width-Function Instantaneous Unit Hydrograph (WFIUH) geomorphological rainfall-runoff model is then used to generate complete hydrographs and peak flows. Finally, a FFA is performed on the peak flow time series to derive synthetic design hydrographs (SDHs) (Grimaldi et al., 2012) . The method is relatively simple with only 4 parameters to be estimated from the physical attributes and characteristics of the catchment. Grimaldi et al. (2012) state that the model is capable of providing useful results and is able to simulate a range of flood scenarios; however, further investigation, development and improvement of the approach is necessary.
DISCUSSION AND CONCLUSIONS
In the past few years there has been a high prevalence of flooding both in South Africa and internationally, that has caused extensive damage and resulted in the loss of life (Alexander, 2002; Smithers, 2012; UNISDR, 2015; FloodList, 2016) . In addition, the effects of climate change are evident in the alterations identified in both the intensity and frequency of extreme rainfall events (Ndiritu, 2005; Kruger, 2006; Hrachowitz et al., 2013; Kusangaya et al., 2014; Kruger and Nxumalo, 2017) . Consequently, there is a need to modernise, improve and update DFE techniques within South Africa, as outlined in the NFSP. One of the recommendations in the NFSP is further development and assessment of the CSM approach to DFE in South Africa. In addition, the various benefits of a CSM approach to DFE have been highlighted throughout this paper with international as well as local examples.
The CSM approach may be particularly suited to South Africa for the following reasons. In South Africa climate varies significantly across the country, and significant rainfall variability within relatively small areas is common. Therefore, a CSM approach that accounts for spatial differences in rainfall would be beneficial and appropriate in South Africa. In addition, climate change and land use change, which are becoming more and more ubiquitous, throughout the country need to be taken into account, and the CSM approach provides an approach to do this in a conceptually sound manner, where parameters can be changed over different time scales to represent these changes. Furthermore, from an operational management perspective, there are a considerable number of dams, water transfer schemes, abstractions (e.g. irrigation), and additional water infrastructure systems that need to be included in FFA, as seen in the example provided by Lamb et al. (2016) . The CSM approach can incorporate these systems into the analysis, and different scenarios can be simulated, thus providing greater confidence in the results. The strong seasonality of rainfall in certain parts of the country, and the wide variety of soil types within the country, also suggest that in many cases antecedent conditions play a significant role in runoff response, and therefore the ability of the CSM approach to explicitly account for such conditions is a significant benefit. The CSM approach also has significant potential for use in flood forecasting, as predicted weather information can be fed into the model to plan for possible flood events before they occur. The forecasting will improve the management of water-related infrastructure, e.g., running scenarios on dam releases prior to a flood to prevent overcapacity of the spillway and to minimise risk. Lastly the ability of the method to provide coherent multivariate flood characteristics is a major advantage.
In the development of a national CSM approach to DFE in South Africa, some important lessons can be learnt from the international literature, including the review of the national CSM system developed for the United Kingdom (Calver et al., 2005) . For example, it was highlighted that the CSM approach is often neglected in practice as it is more data intensive, complicated and time consuming to apply compared to simple event-based methods. Calver et al. (2005) , therefore, in the development of the national CSM approach, emphasise the importance of using efficient, yet simple, parameter-sparse CS models, since parameters need to be derived indirectly from easily obtainable catchment descriptors. This is supported by the review of CSM for DFE in Australia where simple parameter-sparse models have been developed and applied. The benefit of the ACRU model, however, is that model parameters are not calibrated and transferred to ungauged catchments, instead they are linked to physical catchment characteristics, most of which have been mapped for the country.
The benefit of stochastically generating rainfall time series for use with a CSM system is also highlighted and strongly recommended in the international review. In addition, the benefit of modelling at a sub-daily time step is also highlighted. Therefore, further development, assessment, and inclusion (i.e. within the CSM approach) of daily rainfall 
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disaggregation and stochastic rainfall generation techniques is strongly recommended for future research as shown in Table 1 . These are, however, individually significant research projects in their own right. Consequently, it is proposed that the initial focus should be on the development of a CSM system (Table  1) , with rainfall disaggregation and stochastically generated rainfall (including climate change considerations, predictions and extrapolations) viewed as secondary, complementary research which could easily be incorporated into the CSM approach.
More recently in South Africa, Rowe (2015) investigated a methodology to include land management and hydrological condition classes used in the SCS-SA model into the ACRU land cover classification. Further development and investigation of the approach, however, was recommended, including the analysis of additional land cover classes, further independent verification at different geographical locations, and verification of the simulated results against observed data, in terms of both runoff volumes and peak discharges. In addition, further development of a CSM system or methodology for South Africa was recommended. Confidence in using the SCS-SA classification as a reference, to derive land management practice and hydrological condition classes for use with the ACRU model, is gained through the review of contemporary CSM methods applied internationally, i.e., Italy and Austria, where it was highlighted that the SCS-CN methodology is still widely applied as accepted practice, but it is evident that this sentiment is not unanimous within the literature.
The next section compiles all the information reviewed thus far and summarises a suggested path towards the establishment of a comprehensive CSM approach for DFE in South Africa. Table 1 provides a summary of the steps required to develop and establish a national scale CSM approach for DFE in South Africa. In terms of developing a useable system for practitioners to use, the most critical components from Table 1 are Steps 3 and 4. As identified from the review of the developments towards a national CSM approach in the UK (Calver et al., 2005) , and as highlighted by Lamb et al. (2016) , this was the critical step that was not achieved. Therefore, the successful adoption of this approach will rely on the development of a final software tool, with all the necessary inputs and national scale databases required. The initial idea, as alluded to in Table 1 , is to base the system (particularly in terms of the user interface and options) on the already widely used SCS-SA event-based approach, which should greatly assist in the adoption of the approach in practice. In addition, while working on the ACRU CS model, it has been proposed to use the results and range of simulation outputs from the ACRU model to update the soil moisture adjustment options in the SCS-SA model. The standard and updated options should be used with the SCS-SA model and comparative studies performed against the optimised ACRU CS model. Additional comparisons with other DFE methods may also be considered and are encouraged in future. 
RECOMMENDATIONS FOR SOUTH AFRICA
STEP 1
Further development, validation and verification of the ACRU CS model in terms of: Input data (climate, soils, land cover), model structure in terms of process representation, and how best to set up or package the model in terms of ease of use, while still providing outputs of high quality and certainty, i.e., level of detail required.
Accurate simulations of both day-to-day flows and extreme values − in terms of volumes, peak discharges (lag time) and complete hydrographs.
The Inclusion of a methodology to account for uncertainty in model parameterisation.
STEP 2
Further development, assessment and inclusion of national stochastic rainfall generation and/or disaggregation techniques: These methods will introduce the ability to account for uncertainty in model time-series inputs, as well as increase confidence in estimates of high return period events (100 years and above).
The methods should also provide options to estimate projected climate change scenarios, or alternatively an additional set of rainfall models should be established for this. These techniques will be of significant benefit to both the CSM approach as well as other event-based simulation approaches.
In addition, it is important to note at this stage that it is the authors' opinion that the ACRU CS model has significant potential, since it has been adapted to South African conditions and has been extensively validated and verified, and is therefore a suitable comprehensive CS model to be used in future studies. There should, however, also be evaluation of the performance of simpler, parameter-sparse CS models for DFE in South Africa.
Therefore, in summary, the potential for using a CSM approach to DFE in South Africa is evident from studies reported in the literature. However, there is still significant development required before a CSM system for DFE can be widely used by practitioners and it is recommended that the steps summarised in Table 1 should be followed.
